Abstract: A maize cDNA clone was isolated by virtue of its intense hybridization to total maize genomic DNA, indicating homology to highly repetitive sequences. Genomic homologues were identified and subcloned from an adh1-bearing maize yeast artificial chromosome (YAC). Sequencing revealed that the expressed sequence was part of a Ty3-gypsy-type retrotransposon. We discovered and sequenced two complete retrotransposons of this family, and named them Cinful elements because they are members of a family of maize retrotransposons including Zeon-1 and the first plant transposable element sequenced, the solo long terminal repeat (LTR) called Cin1. All are defective, as Cinful-1 and Cinful-2 elements lack gag and Zeon-1 lacks pol homology. Despite the apparent lack of an intact "autonomous" element, the Cinful family has expanded to a copy number of about 18 000, representing just under 9% of the maize genome. Both point mutations and major rearrangements, including possible gene acquisition, differentiate members of the Cinful family. Cinful family members were found to have an unusual feature that we also observed in two other Ty3-class retrotransposons of teosinte and tobacco: related tandem repeats that separate their internal domains with a gag-or pol-containing homology from a 3′ segment of unknown function. The conserved and variable features identified provide insights into the origin, mutational history, and functional components of this major constituent of the maize genome.
Introduction
Recent studies indicate that most of the interspersed repetitive DNA in maize (Zea mays) is composed of retrotransposons Meyers et al. 2001) . Retrotransposons are DNAs with direct long terminal repeats (LTRs) and, like other retroelements, transpose via reverse transcription of an RNA intermediate. In maize, at least 60% of the genome is composed of retrotransposons, some of which have copy numbers exceeding 20 000 per haploid genome . Most of these highly repetitive retrotransposons are inserted between genes and are expressed at very low levels or not at all under most physiological conditions (Avramova et al. 1995; Bennetzen 1996; Meyers et al. 2001) . Although numerous studies have analyzed variation among amplified segments of retrotransposons (Avramova et al. 1995; Flavell et al. 1992; Flavell et al. 1995; Hirochika and Hirochika 1993; Su and Brown 1997; Suoniemi et al. 1998 ; Van der Wiel et al. 1993; Voytas et al. 1992; Voytas and Ausubel 1988) , the structures and structural variation of intact plant retrotransposons have not been investigated extensively (Wright and Voytas 2001) .
Retrotransposons can be classified as Ty1-copia type (abbreviated hereafter as Ty1 class) or Ty3-gypsy type (abbreviated hereafter as Ty3 class) based on the order of encoded components. All non-defective retrotransposons, like retroviruses, encode a polyprotein called GAGPOL. In retroviruses, the 5′ open reading frame (ORF) containing gag, which encodes components of the virus-like particle where reverse-transcription takes place, is often separared from pol by a frame shift or stop codon that is inefficiently suppressed to allow translation of the GAGPOL fusion protein.
As a result, gag's products, MATRIX (MA), CAPSID (CA), and NUCLEOCAPSID (NC), are produced at a higher molar ratio than pol's products, INTEGRASE (IN) and REVERSE TRANSCRIPTASE (RT). PROTEASE (PR), the enzyme that specifically cleaves GAGPOL into component proteins, is also usually encoded within pol. However, while PR always follows NC, it may be encoded in gag, pol, both, or in an ORF of its own. In Ty1-class retrotransposons, IN is between PR and RT, but follows RT in Ty3-class elements . Only a few intact Ty1-class retrotransposons have been completely sequenced from maize, including Hopscotch , PREM-2 (Turcich et al. 1996 ), Opie-2 (SanMiguel et al. 1996 , Ji, Fourf, and Victim (Tikhonov et al. 1999) . Only four largely intact Ty3-class retrotransposons from maize have been completely sequenced: Reina , Tekay (SanMiguel and Bennetzen 1998), Huck-1 (Tikhonov et al. 1999) , and PREM-1 (Fu et al. 2002) . However, Vicient has sequenced a Ty3-class retrotransposon, Grande1-4, cloned from teosinte (Zea diploperennis) (Vicient 1995) and relatives of this element are present in maize .
Defective retrotransposons may not encode POL and therefore may not be identifiable as Ty1 or Ty3 class. Several maize retrotransposons, Bs1 (Jin and Bennetzen 1989; Johns et al. 1985) , Cin1 (Sheperd et al. 1984) , Zeon-1 (Hu et al. 1995) , Stonor (Marillonnet and Wessler 1998) , and Kake-1 (Tikhonov et al. 1999 ) are fully sequenced examples of defective retrotransposons. Cin1 appears to be a solo LTR; probably the result of recombination among the LTRs of a single retrotransposon. Zeon-1's LTRs display homology to Cin1 (Hu et al.1995) , suggesting that they are members of the same retrotransposon family. Zeon-1 has two LTRs and an internal domain, but no pol ORF.
Because of their abundance and broad distribution throughout the plant genome, retrotransposons are major contributors to plant genome evolution (reviewed in Bennetzen 2000; Kumar and Bennetzen 1999) . In addition, the methylated and heterochromatic state of most highly repetitive retrotransposons can cause them to change sequence more rapidly than the genes within a plant nuclear genome (Marillonnet and Wessler 1998; Purugganan and Wessler 1994; . Some of this variation may be due to the inaccuracies of reverse transcriptase or other defects during the replication and (or) transposition process (Marillonnet and Wessler 1998) , but most is associated with rearrangements and sequence changes that occur after integration . The degree of sequence change within elements can influence their potential for subsequent transposition and amplification, for instance via alteration of the pol gene, and can also influence their ability to participate in other genomic rearrangements via unequal recombination. Therefore, studies are needed that will characterize the structure and evolution of intact elements. Here we present an investigation of large-scale rearrangements responsible for sequence variation within a plant retrotransposon family, comparing the sequence and structure of Cinful-1 and Cinful-2 elements with Zeon-1 and Cin1.
Materials and methods

Cloning and sequencing of Cinful cDNA and genomic
Cinful elements
A cDNA library made from maize leaf mRNA was probed with total maize genomic DNA to isolate clones complementary to transcripts of highly repetitive DNA. A positive clone, the 1426-bp cDNA designated pZMRB, was subcloned and sequenced. Analysis of its sequence revealed that it encoded a portion of RT from a retrotransposon. A DNA blot of 24 overlapping λ clones covering a 240-kb interval containing adh1-F from a maize yeast artificial chromosome (YAC) (Edwards et al. 1992 ) was probed with pZMRB. The area hybridizing to pZMRB, about 130 kb downstream of adh1, was sequenced by γδ insertional mutagenesis, as previously described (Bennetzen 1996; Springer et al. 1994; Strathmann et al. 1991) . A second region 5′ to adh1-F was also sequenced in a general analysis of this region (Tikhonov et al. 1999) , and also found to have homology to pZMRB.
Computer sequence analysis
The GCG program COMPARE (Devereaux et al. 1984 ) was used to analyze the sequence similarity between Cinful-1, Cinful-2, and Zeon-1. COMPARE scans two nucleotide sequences to find all areas where segments of a set length (window) have more than a set number of identical bases (stringency). Where the number of identical bases between the two sequences in a window is greater than the stringency setting, the coordinates of the base at the center of the win-dow in each sequence are stored in an output file. As the window position moves in base-by-base increments through both sequences, it is often the case that a series of the stored coordinates form a diagonal line (or "diagonal") when plotted by another program like DOTPLOT (Devereaux et al. 1984) .
At smaller window sizes, artifactual diagonals often occur unless the stringency is set to a very high level. These artifacts may be numerous enough to obscure areas of real, but distant, homology. Thus, at window sizes normally allowed by COMPARE, distant DNA homologies cannot be detected. However, when we modified COMPARE to allow a window size of 500 bases, we found that while small areas of homology are missed, large areas of homology, even quite distant homology, may be discerned. The results of these analyses have been deposited as supplementary data 4 .
Results
Sequence analysis of two segments of the maize genome near adh1-F discovered related Ty3-class retrotransposons with LTRs similar to the solo LTR Cin1. Because these retrotransposons are related to Cin1, they were designated Cinful-1 (GenBank accession number AF049110) and Cinful-2 (GenBank accession number AF049111). Cinful-1, 8581 bp, contains an internal domain of 7409 bp with two long ORFs in a single reading frame separated by a single stop codon. These ORFs potentially encode a 5′ peptide of 231 amino acids and a 3′ peptide of 1080 amino acids. A cDNA, pZMRB (GenBank accession No. AF049112), has 88% nucleotide and 97% amino acid identity to bases 1767-3202 of Cinful-1. Cinful-2 (approximately 8.5 kb) has a 642-bp 5′ LTR, but its 3′ end, including all of its 3′ LTR, has been deleted. Because an LTR is usually required to find the exact terminus of a retrotransposon, the precise length of Cinful-2 cannot currently be determined.
Structural conservation and variation in the Cinful retrotransposon family
The LTRs of Cinful-1 and Cinful-2 are similar to Cin1 and the LTRs of Zeon-1 ( Fig. 1 ; Table 1 ). The area predicted to be the TATA box of Zeon-1 (Hu et al. 1995 ) is well conserved among the four elements, but the area predicted to contain polyadenylation signals is less well conserved (Fig.  1. ) Figure 2A depicts the results of sequence comparisons between Cinful-1 and several other retrotransposons. This comparison was undertaken using a variation that we implemented with COMPARE, as described in Materials and methods. The data and direct comparisons that gave rise to our conclusions have been deposited as supplemental data 4 . Diagonals fewer than 100 bases or between 5′ and 3′ LTRs were omitted. Cinful-1 and Cinful-2 display >50% identity throughout most of the region encoding proteins involved in transposition. Other regions show less homology. An approximately 1-kb segment near the 3′ end of Cinful-2 is not present in Cinful-1. Zeon-1 has >36% nucleotide identity with part of this 1-kb segment, suggesting that there was a deletion of this segment in Cinful-1 rather than an insertion in both Cinful-2 and Zeon-1. Excepting this region and its LTRs, Zeon-1 displays little homology to Cinful-1 or Cinful-2. Zeon-1 is a defective retrotransposon, encoding no proteins homologous to those of retroviruses, except a single long ORF that may encode a GAG analog (Hu et al. 1995) . This ORF encodes the canonical residues CX 2 CX 4-5 HX 4 C, the conserved zinc-finger motif common in the NC protein of gag (Darlix et al. 1995) . Cinful-1 and Cinful-2 lack this motif. Though it is not uncommon for Ty3-class retrotransposons to lack this motif (gypsy, for example, does not encode these residues in its first large ORF), there is another reason to suspect that the two Cinful elements do not encode GAG-analogous proteins and may also be defective. Cinful-1's first ORF is small and most (if not all) of it encodes PR. The signature residues of PR, "DTG", occur a mere 93 amino acids from the first ORF's putative amino terminus.
Abundance of Cinful elements in maize
Zeon-1 has an estimated copy number (based on hybridization intensity of maize genomic DNA to its 5′ LTR) of 1250 per haploid genome in maize line A188 (Hu et al. 1995) . The copy number of sequences homologous to various Cinful-2 fragments upstream of adh1-F varies between 14 000 and 30 000 per haploid genome in maize line Va35 ) (BglII fragments, Fig. 2A ). The fragment with a copy number estimated at 30 000 contains the 5′ LTR of Cinful-2. Because most Cinful elements probably still have both LTRs, 30 000 LTRs would represent about 15 000 retrotransposons. However, some elements will exist as solo LTRs or truncated fragments. Thus, the copy number of the Cinful family can only be roughly approximated but is about 15 000 -20 000 copies/haploid genome. This number agrees very well with the approximate 18 000 copies predicted for the combined Zeon-1, Cinful, and Cin1 elements by random sample sequencing of the maize genome (Meyers et al. 2001) . Taken in sum, these analyses predict that Cinful family members comprise a bit less than 9% of the maize nuclear genome. The fragments with lower copy number estimates span the region of Cinful-2 least conserved with Cinful-1. Presumably, mutations in this region are less likely to affect transposition competence and will not hinder increases in copy number. However, the resulting sequence divergence may confound attempts to determine the copy number of retrotransposons via hybridization.
RT infidelity is not sufficient to explain LTR divergence
Both the 3′ and the 5′ LTRs of a single element are copied from the same RNA template sequence during transposition. Thus, sequence divergence between the LTRs of a retrotransposon must be the result of mutations introduced during a single cycle of transposition (transpositional mutations) plus mutations that occurred after insertion (nontranspositional mutations) (Darlix et al. 1995) . Cinful-1's two 586-bp LTRs differ by two single-base substitutions.
Zeon-1's 5′ LTR is 649 bp, its 3′ LTR is 663 bp, and the two LTRs differ by 22 single-base substitutions. The mutation rate of Ty1 caused by RT infidelity is 2.5 × 10 -5 bp/transposition (Gabriel et al. 1996) . At this substitution rate, only about 3 out of 100 Cinful-1 or Zeon-1 transpositions would be expected to produce daughter copies with LTRs that diverged by a single base. This suggests that non-transpositional mutations play the major role in the sequence divergence evident between members of the same retrotransposon family. As in our previous analyses of several other maize LTR-retrotransposon families , the Cinful family retrotransposons that we describe herein appear to have inserted at their present locations some time within the last two to six million years.
Conserved stop codon between pr and rt
The Cinful elements contain all of the motifs of the wellconserved domains of retrotransposon proteins (PR, RT, and IN), with the exception of the zinc-finger moiety of NC. The most conserved areas of sequence between the two Cinful elements are also conserved between Cinful-1 and Grande1-4 ( Figs. 2A and 2B ). Only the RT-encoding domain of pol has sufficient homology over a large enough area to be detected by COMPARE (Fig. 2B) when Cinful-1 is compared with gypsy. Cinful-2 has similar homology to gypsy of Drosophila, but the ORFs encoding its homologous proteins have eight in-frame stop codons. One stop codon, between pr and rt, is in the same position in both Cinful elements. Translational stop codon suppression at this site would create a PR-POL fusion protein in Cinful-1. Its conserved location in these two otherwise fairly dissimilar Cinful elements suggests that this stop codon predated their divergence and may have performed a function in regulating the relative levels of proteins encoded by a functional Cinful element.
Homology to a tobacco sequence
Cinful-1 has detectable DNA similarity with the previously reported sequence of a locus from tobacco (Nicotiana tabacum), str 246N (Fig. 3A) , thought to be a pseudogenic paralog of str 246C. Str 246C has sequences identical to that of an auxin-regulated gene, parA, but was isolated as a transcript from leaves inoculated with a pathogenic bacterium. Because str 246N only contained homology to exon 2 of str 246C and homology to retroviral IN upstream of this, it was presumed that an insertion event had inactivated a paralog of str 246C (Froissard et al. 1994 ). Another possibility is that the entire sequence of str 246N is part of an intact retrotransposon. A transduction event, where a retrotransposon incorporated a segment of a host cellular RNA into its own sequence, occurred in Bs1 (Bureau et al. 1994; Jin and Bennetzen 1994) and this may be the mechanism through which str 246N acquired sequences homologous to str 246C. The amino acid homology between str 246N, Cinful, and Grande is shown in Fig. 3C .
Related tandem repeats that demarcate the boundary between pol and putative env sequences in several different plant retrotransposons
Str 246N shares another feature with Grande and Cinful Hu et al. (1995) . Boxes outline sites at which at least three of the four LTRs have identical sequence. Dashes indicate gaps introduced into a sequence to facilitate alignment.
Cinful-1 Zeon-1 Cin1
Cinful family members: a series of short tandem repeats less than 1 kb downstream from the end of pol (Fig. 3A) . These tandem repeats were noted in Grande before it was fully appreciated that Grande was a Ty3-class retrotransposon (Monfort et al. 1995) . The termini of these 64-to 130-bp repeat units are somewhat arbitrary, as they begin at different places in a repeat unit in each element family. But restriction enzyme sites of the form xyzNz′y′x′ (where x′ indicates the base complementary to x) are present in all of the tandem repeats considered here. Use of these restriction sites as delimiters between repeats allows alignment of the repeat units (Fig. 3B) , not just between the related elements of teosinte and maize, but also, surprisingly, among those of teosinte, maize, and tobacco. The Cinful family members contain repeats delimited by Bsu36I (CCTNAGG), Grande family members by BstEII (GGTNACC), and str 246N by BlpI (GCTNAGC). The number of tandem repeats varies, from two full repeats in Cinful-1 to eight full repeats in str 246N. The tandem arrays of full repeats are usually flanked by a partial repeat on each side. Within a single element, the repeats often vary by both point mutations and insertionsdeletions. It is possible that all repeat variations within an element were caused by mutation subsequent to insertion. The tandem repeats in Grande could result in a stable secondary structure (Monfort et al. 1995) , so this also should be the case with the str 246N and Cinful-family repeats.
While different restriction enzyme sites delimit the tandem repeats of the retrotransposons of the three different species that host them, in each case a change in one half-site at some time came to be accompanied by a change in the other half-site that restored the palindrome. For example, if the common ancestor of tobacco, teosinte, and maize hosted a retrotransposon with tandem repeats similar to that of str 246N (GCTNAGC-delimited), then a mutation of the GCT half site to the CCT half site seen in Cinful elements came to be associated with a mutation of the AGC half site to AGG that restores the palindrome. The covariance of these two restriction half-sites and the overall sequence similarity ob- Fig. 2. (B) The shaded bases compose the restriction sites depicted to the left. The most common bases at a site are boxed. Dashes indicate gaps introduced into a sequence to facilitate the alignment. The retrotransposon from which a repeat is taken is indicated after the vertical line to the right. The position that each repeat occupies in its tandem repeat array is indicated to the left of the vertical lines at right. (C) Predicted amino acid homology between Grande1, Cinful, and str 246N integrase domains. Identical amino acids are shown as white letters on a black background, whereas similar amino acids are indicated by black letters on a gray background. Dots represent sequences deleted from one of the three integrase domains. The asterisks indicate essential D and E residues that are required for integrase function, and are deleted from served among these presumably non-coding tandem repeats both suggest that these features have an important function. Interestingly, the repeats mark the boundary between the 5′ portion of the retrotransposons that encode identified GAG, PR, and (or) POL homologies and the 3′ portion that carries sequences of unknown (putative ENV) function. This consistent repeat placement suggests that the repeats were either involved in the acquisition of these sequences or are an outcome of their acquisition or function.
Discussion
Our data indicate that several, structurally diverse, retrotransposons belong to the same retrotransposon family, which we have named Cinful. The sequence changes include point mutations, insertions-deletions that are totally internal to the elements, and an apparent deletion that had one terminus inside and one outside of Cinful-2. Most of the mutations observed are internal to the elements and were probably generated long before these particular retrotransposon family members inserted at their current sites. However, the changes in the LTRs that differentiate the termini of each element, and the deletion that removes all of one LTR and much internal sequence, must have been generated in the two to six million years that have passed since these elements inserted themselves ). None of the elements analyzed in this study encode sufficient components to autonomously catalyze their own transposition. Hence, the two main subfamilies of Cinful elements, represented by Cinful-1 and Zeon-1, underwent most of their transposition and resultant amplification after they had become individually defective. Perhaps the GAG homology present in Zeon-1 can complement the other components apparently encoded by the Cinful-1-type elements, which only lack gag homology. However, assembly of a fully functional Cinful retrotransposon would require an absence of inactivating small deletions or point mutations, a fairly unlikely possibility for any elements we have analyzed because of the degree of post-insertional divergence that we have observed. Only a functional analysis can confirm a successful assembly in any case.
Can Zeon-1 and Cinful elements transactivate each other? For this to occur, both Cinful and Zeon-1 would need to be transcribed and translated in the same cell. Furthermore, RNAs of one or both would need to be packaged by Zeon-1 GAG components with Cinful PR and POL components. Also, for Zeon-1 to be inserted, its termini would need to be recognized by Cinful IN. Additional studies are necessary to determine if these requirements could be met. However, Ty1 virus-like particles integrated a DNA containing only 24 bp of Ty1 sequence (12 bp at each termini) at 50% of the efficiency that DNA containing an entire Ty1 LTR was integrated (Eichinger and Boeke 1990) . Given that there is fairly strong sequence similarity between the termini of Cinfulfamily member LTRs (Fig. 1) , it is plausible that they could all be integrated by the same IN protein.
Additional 3′ sequences: gene transduction and (or) a possible ENV function?
Gypsy has a long ORF 3′ of pol that encodes ENV, a protein found only in retroviruses, which enables them to infect other cells (Kim et al. 1994; Song et al. 1994) . All Cinful family members discovered thus far lack a long ORF 3′ of pol but, unlike Ty3 and Reina, they do have additional sequence between pol and their 3′ LTRs. The discovery that a retrotransposon, gypsy, is a facultative retrovirus -capable of transposing within a single host cell or infecting other cells -has blurred the line between retrotransposons and retroviruses. Other cases of extra DNA in a potential env location have been noted in plant retrotransposons (Bureau et al. 1994; Jin and Bennetzen 1994; Laten et al. 1998; Voytas 1998, 2001 ), but additional studies will be needed to determine if they actually function as env elements, if they are legacies of an animal retrovirus origin, or if they have some other role.
We identified a structurally conserved repeat element in some plant retrotransposons directly at the location that serves as a junction between GAG-POL and putative ENV functions. The structural conservation, in the absence of absolute sequence conservation, suggests a role for these repeats. Further studies are needed to determine if such a structure might promote an RNA recombination and (or) template switch mechanism that would lead to the acquisition of new 3′ sequences within a plant retrotransposon.
